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ABSTRACT 
Cover crops are often used to manage weeds and increase productivity on organic 
farms, but questions remain about which species or combinations of species have the strongest 
impacts as living cover and which species and combinations are financially feasible for adoption 
in organic systems. An on-farm field study was conducted in 2014 and 2015 to assess the 
impact of 18 cover crop species on biomass production and weed suppression. The 18 species 
were split into three seasonally appropriate groups (six species per season) and planted in all 
possible monocultures and five-way mixtures with a weedy and weeded control on two organic 
farms in central and northern Illinois. Results suggest that cover crop species and mixtures had 
different capacities for producing biomass and competing with weeds, and they performed 
differently depending on year and location. Legumes were generally not competitive with 
weeds, resulting in up to 90% weed biomass in legume monoculture treatments. Cover crop 
mixtures were more competitive with weeds than legume monocultures and other 
monoculture treatments, depending on yearly variation in abiotic and biotic stressors. Mustard, 
sudangrass, tillage radish, and rye planted in mixture generally had higher partial land 
equivalent ratios than other species and overyielded in mixture compared to monoculture, 
indicating their relative dominance in mixtures. The most competitive mixtures tended to be 
those lacking one legume species. These types of mixtures were also the most cost-effective in 
each season because of the high relative cost of legume seed versus grasses and non-legume 
broadleaves. We suggest that farmers carefully assess their goals for cover cropping when 
considering species choice for mixtures, and to adjust seeding rates according to their goals, i.e. 
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increase seeding rates for legumes if nitrogen fixation is a higher priority than weed 
suppression. 
The use of cover crops in mixture is becoming increasingly popular in organic farming 
systems. However, relatively little is known about how diverse species mixtures affect soil 
nitrogen cycling and soil microbial activity. An on-farm field study was conducted in 2014 and 
2015 to assess the impact of 18 cover crop species on soil nitrate levels, tissue nitrogen 
accumulation, and soil microbial activity. Cover crops were divided into 3 seasonally 
appropriate groups and planted in monoculture and all possible 5-way mixtures and were 
compared to a ambient weeds and a weedy control. Although cover crops differed significantly 
in biomass production, they differed less in their effects on soil microbial activity and tissue 
nitrogen accumulation. Weeds did not differ significantly from cover crops in terms of nitrogen 
accumulation or nitrogen scavenging (e.g., ability to reduce available soil nitrogen and possible 
nitrogen loss). Soil nitrate levels under cover crops and weeds were reduced by up to 75% 
compared to the weeded control. Soil nitrate levels approximately one month after cover crop 
incorporation differed little among cover crop treatments and weeds. Because no explicit 
species differences were observed in this study, we suggest that farmers choose an inexpensive 
cover crop monoculture or mixture that fits their cover cropping goals, or perhaps consider 
alternative management strategies using weeds as a cost-free “cover crop.” 
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CHAPTER ONE 
Investigating cover crop mixtures and their component species’ impacts on weed suppression 
and community productivity 
Introduction 
Cover crops are used in in a wide variety of farming systems for their agroecological benefits. 
Well-characterized benefits of cover crops include reduced soil erosion, increased soil organic 
matter, and nitrogen fixation (Frye et al., 1985; Hargrove 1986; Hartwig and Ammon, 2002). 
Cover crops are also used for weed suppression, especially in organic and low-input farming 
systems (Brainard et al., 2011; Teasdale et al., 2012). Because weed management is limited to 
cultural, mechanical and biological controls, particularly in organic farming systems, 
suppression of yield-reducing weeds is a primary concern. Cultural techniques, such as crop 
rotation and cover cropping, are regarded as essential strategies for reducing weed population 
density (Liebman and Dyck, 1993). Cover crops provide a variety of mechanisms with which to 
suppress weeds. Allelopathy from the breakdown of cover crop residues has been shown to 
suppress weeds (Barnes and Putnam, 1983; Kunz et al., 2016). Residues also lower soil 
temperature and inhibit light infiltration, delaying or preventing the germination of weed seeds 
(Mohler and Teasdale, 1993). However, the most important mechanism is arguably direct 
competition for space and resources between live cover crops and weeds. Although cover crops 
are utilizing water and nutrients in the same way as weeds, cover crops are sought for weed 
suppression because of their ability to improve soil quality, their ease of management in 
comparison to weeds, and, in some cases, their ability to reduce inputs to the weed seedbank 
(Moonen and Bàrberi, 2004). Species with the best weed suppression potential are typically 
2 
 
species that establish quickly and produce the most biomass over time (Hayden et al., 2014. 
Brust et al., 2014b; Dorn et al., 2015).  
As farmers increasingly adopt cover cropping into their management practices, interest 
in using cover crop mixtures with diverse functions has grown. Increased biodiversity has been 
shown to improve ecosystem functioning and productivity (Isbell et al., 2011). In 
agroecosystems, increased diversity in rotation sequences and in cover crop plantings has been 
shown to improve soil quality, reduce negative environmental impacts, and increase 
productivity (Davis et al., 2012; Crowder and Jabbour, 2014). Grass-legume bicultures are 
commonly used cover crop mixtures because of their high resource use efficiency compared to 
other species- and functional-group mixtures (Dhima et al., 2007; Hayden et al., 2014). More 
complex mixtures with three or more species have been adopted in some systems, with the 
goal of gaining benefits from each of the species planted. In terms of weed suppression, cover 
crop mixtures may be able to provide the same suppressive effects as cover crop monocultures 
while providing other benefits that a single species would not be able to supply alone (Brust et 
al., 2014a). In the field, mixtures with diverse functional groups have been shown to reduce the 
number of distinct weed species present compared to a fallow control (Smith et al., 2015). 
However, farmers should carefully consider species composition when adopting mixtures. 
Creamer et al. (1997) showed that rye, barley, crimson clover, and hairy vetch were the most 
suitable species for mixture because they established reliably, produced biomass at similar 
rates, and overwintered reliably, unlike Austrian winter pea or annual ryegrass. Cereal rye has 
been shown to be much more effective at suppressing weeds in bicultures than pea (Akemo et 
al., 2000). Mustards have demonstrated promise in rapid establishment and biomass 
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accumulation (Brust et al., 2014b; Kunz et al., 2016) and have been demonstrated as dominant 
biomass producers in mixture (Wortman et al., 2012). Tillage radish has been shown to provide 
up to 70% reduction in dry weed biomass as a fall cover crop (Kruidhof et al., 2008). Other 
species have been evaluated in monoculture but little is known about their performance in 
mixture. For example, cowpea has been shown to have both high biomass production and high 
capability of N-fixation in hot and dry conditions (Creamer and Baldwin, 2000) and buckwheat 
has been shown to be effective at suppressing weed communities composed of pigweeds, 
foxtails, and velvetleaf (Saunders Bulan et al., 2015), but it is unknown how these species would 
perform in a diverse mixture.  Further questions remain about the suitability of species and 
mixtures in variable environments; efficacy can vary greatly across different yearly and seasonal 
conditions (Dorn et al., 2015; Björkman et al., 2015).  
Land equivalent ratio, or LER, is a common index used to compare the productivity of 
species mixtures to monocultures of their component species (Mead and Willey, 1980; 
Bedoussac and Justes, 2011). Using LER, several studies have suggested that diverse mixtures of 
species tend to produce more biomass or greater yields than monocultures (Wortman et al., 
2012; Mao et al., 2012; Smith et al. 2014). If weed suppression is typically greatest when cover 
crop biomass is greatest (Wayman et al., 2015), then we would expect mixtures to suppress 
weeds better than species planted in monoculture.  
The goal of this study was to quantify the productivity of cover crop species planted in 
mixture versus component species planted in monoculture and to understand each mixture and 
species’ contribution to weed biomass suppression. This study also aimed to identify each 
species’ individual contribution to the total productivity of each mixture. We hypothesized that 
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cover crop mixtures, with their increased capacity for biomass production and diverse 
functional group composition, would suppress weeds more effectively than component 
monocultures. 
 
Materials and Methods 
Field experiments were conducted in 2014 and 2015 at PrairiErth Farm in Atlanta, IL (40°13’N 
89°13’W) and Kinnikinnick Farm in Caledonia, IL (42°27’N 88°52’W).The dominant soil type at 
both sites is silt loam. Soil characteristics for each experimental site are summarized in Table 1. 
Cropping history throughout each site was highly varied and included grain and vegetable 
crops. Each site was certified for organic production according to the United States Department 
of Agriculture National Organic Program guidelines. 
Three separate experiments were conducted at each site in each year to explore options 
for spring-, summer-, and fall-planted (overwintering) cover crops. Each experiment was 
planted in a randomized complete block design with four replications of 12 treatments and 2 
controls, including a weeded control and a weedy control, for a total of 14 experimental units 
per replication. A new experimental site within each organic farm was chosen each year. Each 
experimental unit was 16m2 and each experimental site totaled 1064 m2. Six cover crop species 
were studied in each experiment for a total of 18 species (6 species × 3 experiments/site). 
Similar to Smith et al. (2014), each experiment included six species representing diverse plant 
families and functions. Each experiment typically included two grasses (Poaceae family), two 
brassicas (Brassicaceae family), and two legumes (Fabaceae family). In the summer 
experiments, buckwheat, a broadleaf forb in the Polygonaceae family, was substituted for a 
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brassica. In the fall experiments, a third legume, yellow blossom sweetclover, was substituted 
for a brassica.  
Species were planted in monoculture and all possible five-way mixtures for a total of six 
monocultures and six mixture treatments. Using a substitutive approach similar to Smith et al. 
(2014) and Wortman et al. (2012), seeding rates were obtained by dividing the seeding rates for 
each monoculture by the number of species in each mixture. Therefore, each monoculture 
seeding rate was divided by five, the total number of species in each mixture treatment, to 
obtain mixture seeding rates for each species. Species and seeding rates for each experiment 
are shown in Table 2 and mixture seeding costs are summarized in Table 3. Experimental beds 
were prepared 0-3d before planting using a rotavator to a depth of 15 cm. All cover crops were 
planted by hand broadcasting. Seed was incorporated by light incorporation methods such as 
gravel rakes, drag harrows, and a Lely weeder (Lely Inc., Pella IA, USA) in 2014 and with a single-
roller cultipacker in 2015. Pesticides, soil amendments (e.g., compost or manure application), 
and irrigation were not used at experimental locations between 2013 and 2015. Cover crops 
were allowed to grow for approximately two months before field sampling, with the exception 
of overwintering fall crops, which were planted in late October and sampled in early May of the 
following year. Cover crops were terminated by mowing and rotavation to a depth of 15cm 
after sampling. 
Aboveground biomass was sampled from two random quadrats (45.7cm × 61cm) 
immediately prior to cover crop termination. Shoots within quadrats were clipped to within 
3cm of the soil surface using hand trimmers and separated by species. Weeds were separated 
from planted cover crops but were not separated by species. Fresh aboveground biomass from 
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all experimental units was weighed in the field, and one replicate block of experimental 
treatments was transported back to the lab and dried for 14 d at 60 °C. Dry weights for each 
species in this replication were regressed against fresh weights and used to estimate dry weight 
from fresh weight of each species in monoculture and all possible mixtures (n=6). 
Land equivalent ratio (LER) was used to compare cover crop productivity in mixture to 
productivity in monoculture (Mead and Willey, 1980). LER is generally used to determine the 
land area required for a monocropped species to produce the same amount of biomass as the 
same species planted in a mixture. LER is one of the most commonly used intercropping indices 
and can be used to infer the relative competitive ability of species in mixture (Bedoussac and 
Justes, 2011). Total LER was calculated as: 
𝐿𝐸𝑅 = 𝐿𝐸𝑅𝑖 + 𝐿𝐸𝑅𝑗 + ⋯ + 𝐿𝐸𝑅𝑛 
where 𝐿𝐸𝑅𝑖 is the partial LER of species i, 𝐿𝐸𝑅𝑗 is the partial LER of species j, and so on for n 
number of species. Partial LER is calculated as: 
𝐿𝐸𝑅𝑖 = 𝑌𝑀𝐼𝑖/𝑌𝑆𝐶𝑖  
where 𝑌𝑀𝐼𝑖 is the biomass of species i in mixture (MI) and 𝑌𝑆𝐶𝑖  is the biomass of species i in 
monoculture or solely-cropped (SC). Total LER values > 1 suggest that a mixture was more 
productive than its component sole crops whereas values < 1 suggest that a mixture was less 
productive than its component sole crops. If there were no competitive interactions among 
species in a mixture, we would expect all five species in mixture treatments to contribute 
equally to the total biomass produced (i.e. partial LER = 0.2 and total LER 0.2 × 5 species = 1).  In 
a five-way mixture, a partial LER value > 0.2 suggests that a species was positively influenced by 
being planted in mixture and produced more biomass per unit land area than in monoculture. A 
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partial LER value < 0.2 suggests that a species was negatively influenced by being planted in 
mixture and produced less biomass per unit land area than in monoculture.  
Analysis of variance was performed with the GLIMMIX procedure in SAS (v9.3, SAS 
Institute, Cary, NC, USA). Year, location, and cover crop treatment were treated as fixed effects 
and replication was treated as a random effect. The assumption of homogeneity of variance for 
ANOVA in GLIMMIX was tested using the Brown-Forsythe test in the GLM procedure. 
Differences among least squares means were determined using the Tukey-Kramer multiple 
comparisons test and a significance level of α=0.05. If the interaction of year and/or location 
with treatment was insignificant (using α=0.05), the data were pooled across year and/or 
location. 
 
Results and Discussion 
For each experiment, there was a significant interaction between treatment and year, 
treatment and location, or both (p<0.05). As a result, data from each treatment were not 
pooled and are presented for individual years and locations. Mustard and sudangrass were 
among the most productive individual species at PrairiErth Farm, producing 4.48 and 8.78 
Mg/ha dry biomass respectively in 2014 and 3.27 and 4.63 Mg/ha dry biomass in 2015. 
Buckwheat was among the most productive individual species at Kinnikinnick Farm, producing 
4.63 and 3.60 Mg/ha dry biomass in 2014 and 2015, respectively (Tables 4 and 5).  
In general, legumes performed more poorly than other broadleaf species and grasses. In 
spring 2014 at Kinnikinnick Farm, there was significant insect damage on both mustard and 
turnip, resulting in severe biomass loss by sampling time in the spring experiment (Table 4). In 
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fall 2014, a harsh winter likely caused poor overwintering at both field sites, resulting in four 
species winter-killing in central IL and 2 species winter-killing in northern IL in the fall 
experiments. Kinnikinnick, although the northernmost site, had more snow cover in the fall and 
winter of 2014, allowing for better protection of overwintering cover crops than at PrairiErth. 
Sweetclover winter-killed at both sites, likely due to its sensitivity to the combination of late 
planting dates (3 wk before first frost or less) and low temperatures (Brandsæter et al., 2002). 
Vetch winter-killed at PrairiErth in fall 2014 and biomass production suffered at Kinnikinnick 
Farm. Biomass production and overwintering capacity of hairy vetch can suffer when planting 
dates are delayed from the optimum by as little as 2 wk (Teasdale et al., 2004). The most 
productive species in the fall experiments were the two grasses, triticale and rye (Table 4). 
Hayden et al. found that rye biomass tended to increase in comparison to vetch in a rye-vetch 
mixture when planting was delayed (2015). In summer 2015 at PrairiErth Farm, there was 
significant insect damage on both cowpea and soybean, resulting in severe biomass loss by 
sampling time (Table 5). In all experiments, hand broadcasting all treatments resulted in 
planting depths too shallow for larger-seeded species such as faba bean, corn, and field pea. 
Most larger-seeded species respond best to planting depths at or deeper than 2.5 cm (Clark, 
2012). 
 Based on LER data, the most productive mixtures were those without legumes. The 
absence of less-productive legumes allowed the mixture to aggregate more biomass from the 
most productive species. At PrairiErth in spring 2015, M-FAB and M-PEA had total LER values 
significantly greater than 1 (Table 6). At PrairiErth in summer 2014 and 2015, M-CWP had total 
LER values significantly greater than 1 (Table 7).  At Kinnikinnick in spring 2014, M-FAB had a 
9 
 
total LER value significantly greater than 1 (Table 8). At Kinnikinnick in summer 2015, M-SYB 
had a total LER value significantly greater than 1 (Table 9). Other mixture treatments did not 
generally overyield (LER > 1) and no mixture treatments produced more biomass than the most 
productive cover crop monoculture, known as transgressive overyielding (Schmid et al., 2008). 
Individual species within treatments performed differently in terms of pLER in some 
cases. Most commonly, mustard performed significantly better than other species in spring and 
tillage radish performed significantly better than other species in summer. At PrairiErth in 2014, 
mustard had significantly higher pLER than all other species in M-SPW, M-PTT, M-FAB, and M-
PEA. In M-OAT, mustard and turnip performed equally well, but still had significantly higher 
pLERs than all other component species in that mixture. At PrairiErth in 2015, mustard 
performed significantly better than oat in M-PEA (Table 6). At Kinnikinnick in 2014, wheat 
performed significantly better than turnip in M-PEA, and there were no significant differences 
in pLER between species in other treatments. At Kinnikinnick in 2015, however, the trend of 
mustard performing better than other species continued. Mustard had significantly higher pLER 
than all other species in M-OAT. Mustard had significantly higher pLER than wheat in M-PTT, 
and had significantly higher pLERs than wheat, turnip, and faba bean in M-PEA (Table 7). These 
findings are similar to findings in Wortman et al. (2012) in which mustard cover crops also 
appeared to dominate when planted in mixture. It is worth noting that, although not 
significantly different than other species within the treatment, turnip tended to have 
numerically higher pLERs than other species in three out of four M-MUS treatments in spring. In 
summer, when significant differences among species within treatments were present, tillage 
radish tended to have the highest pLERs when compared to other species. Sudangrass also had 
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significantly higher pLERs than other species in some cases. At PrairiErth in summer 2014, 
sudangrass had significantly higher pLER than corn in M-TLR. At PrairiErth in summer 2015, 
tillage radish had significantly higher pLER than cowpea, soybean, and corn in several 
treatments. Sudangrass had significantly higher pLER than cowpea, soybean, and corn in M-TLR 
(Table 8). Similar species responses were seen at Kinnikinnick in summer 2014 and 2015. In 
2014, sudangrass had significantly higher pLER than corn in M-TLR. In 2015, tillage radish had 
significantly higher pLER than cowpea, soybean, and corn in several treatments, and had 
significantly higher pLER than all other species in M-BKW and M-SYB (Table 9). These findings 
suggest that when mixture-dominant species (pLER > 0.2 and significantly greater pLER than 
other species) like mustard or tillage radish are removed from the mixture, other species have 
the opportunity to either become more dominant, like turnip and sudangrass, or other species 
have the opportunity to produce biomass more equally (pLERs for each species become similar, 
i.e. no significant differences among species within a treatment).  
Most treatments did not have an effect on species pLER values, except for oat at 
PrairiErth in spring 2014 (Table 6) and cowpea and soybean at Kinnikinnick in summer 2015 
(Table 9). At PrairiErth in spring 2014, oat performed significantly better when planted in the M-
MUS treatment compared to M-PEA and M-FAB (Table 6). Although only observed in one 
location and in one year, these data suggest that the removal of a particularly competitive 
species, like mustard, can allow room for another species (oat) to become more dominant in 
the mixture. At Kinnikinnick in summer 2015, cowpea had significantly higher pLER when 
planted in the M-TLR treatment than when planted in the M-BKW treatment, and soybean had 
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significantly higher pLER when planted in M-CWP.  These findings suggest that mixture 
composition can drive the success (or failure) of less-competitive species. 
Farmers should consider pLER differences among species to make good management 
decisions in planting cover crop mixtures. For example, if a farmer is more concerned about 
nitrogen fixation than weed suppression, but still wants to have weed suppression benefits, it 
would be important to either increase the seeding rate of the desired legume or to eliminate a 
more competitive cover crop from the mixture (i.e. mustard or tillage radish). If a farmer is 
more concerned about weed suppression, then it may be most cost-effective and practical to 
allow competitive species to dominate the mixture rather than adjust seeding rates or 
eliminate a species from the mixture. 
 Weed biomass was used to show the percent of biomass in each plot produced by 
weeds. In summer 2014, there was no significant interaction between location and treatment, 
so data across locations were pooled. Data from all other experiments are presented separately 
due to significant interactions between treatment and location. Fall 2014 data have been 
excluded due to limited over-wintering success. In general, legume monocultures had the 
highest percentage of weed biomass and grasses and non-legume broadleaves had the lowest 
percentage of weed biomass. Unlike Creamer and Baldwin (2000), we did not find cowpea to be 
capable of smothering weeds and instead found it to be a poor competitor among weed 
communities at both locations in our study. Mustard tended to be the most consistent and 
effective weed suppressor in spring (Figs. 1, 2, and 3) aside from Kinnikinnick Farm in spring 
2014, when insect damage compromised the ability of both brassica species to accumulate 
biomass (Fig. 4). Establishment problems affected the ability of corn to accumulate biomass in 
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summer 2014 and 2015 at both locations (Figs. 5, 6, and 7). In summer 2015, droughty 
conditions for ~ 3 wk after planting compromised the ability of sudangrass to become 
established and resulted in less biomass accumulation than in the previous year (Table 5). 
Mixtures had an intermediate percentage of weed biomass in each plot, but in some cases, 
such as when a mixture contained both legume species and was missing a grass or a non-
legume broadleaf, weed biomass was greater than in other mixtures. For example, in summer 
2014, mixture minus sudangrass had a greater percentage of weed biomass than the other 
mixture treatments (Fig. 5). However, this trend was not consistent across sites during summer 
2015 (Figs. 6 and 7). At Kinnikinnick Farm in spring 2014, the effect of insect damage on both 
mustard and turnip treatments caused drastically different responses in weed biomass than in 
any of the other years (Fig. 4). However, in this same year, mixtures containing mustard, turnip, 
or both did not differ significantly in percentage of weed biomass than the other mixtures.  
These data highlight the ability for species mixtures to compensate, in terms of competing with 
weeds, when one or two species performs poorly due to various abiotic and, in this case, biotic 
stressors. This finding is supported by Doak et al. (1998), which showed that community 
stability almost always increases with the addition of more species. These data suggest that 
although cover crop mixtures do not necessarily have less weed biomass than other 
treatments, they provide a somewhat more consistent response to weed competition and are 
have a more intermediate response when compared to each of the component species in 
monoculture. 
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Conclusions 
Although mixtures were not found to suppress weeds better than the most suppressive 
monocultures, mixtures were found to have more consistent weed suppressive abilities across 
treatments than their component species in monoculture. Farmers should carefully consider 
species choice in mixture, however. If weed suppression is a primary goal, a mixture including 
strong biomass producers like mustard or cereal rye would be most beneficial. If nitrogen 
fixation is a primary goal, then seeding rates or mixture composition should be adjusted to 
allow legumes to become more established. 
 Based on evidence in this study, farmers should choose the most financially feasible 
cover crop species or mixture that fits their needs. With weed suppression as a primary focus, 
mixtures should contain the species with highest pLER values in mixture: mustard, tillage radish, 
and rye, for example. These species are less expensive to include in mixture than legumes. 
Based on overall value, we recommend M-FAB in spring ($78.30/ha), M-CWP in summer 
($99.27/ha) and M-WPE in fall ($104.74/ha). M-WPE was chosen over M-VCH because vetch 
overwintered more successfully than Austrian winter pea and has better weed suppressive 
capability than Austrian winter pea. Each of these mixtures removes one of the most expensive 
legumes, reducing costs without reducing efficacy of the mixture’s non-legume broadleaves and 
grasses. 
Future research should investigate cover crop mixture influence on other ecosystem 
services that impact weed populations, such as weed seed predation, soil moisture and 
temperature changes, and inhibition of light infiltration through the canopy. Studies with a 
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focus on longer term cover cropping would help parse out species differences through different 
seasonal conditions.  
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CHAPTER TWO 
Short-term effects of cover crop community composition and weeds on soil nitrogen cycling and 
microbial activity 
Introduction 
A chief concern in organic farming systems is the maintenance of soil quality and fertility, given 
that these systems must rely on organic inputs only. Cover crops are widely considered one of 
the best ways to improve and maintain soil quality on organic farms. Organic nutrient sources 
such as cover crops have been shown to improve the long-term soil nutrient capacity of low 
external input farming systems (Liebman and Davis, 2000). Cover crops have also been shown 
to increase labile phosphorus (Dube et al., 2014), increase soil nitrogen and improve nitrogen 
uptake (Ebelhar et al., 1984; Decker et al., 1994), suppress weeds (Lawley et al., 2011; Webster 
et al., 2013), increase microbial biomass (Buyer et al., 2010), and improve soil physical 
properties (Benoit et al., 1962; Wilson et al., 1982). Specific functional groups of cover crops are 
used for specific ecosystem services that improve soil health. For example, legume cover crops 
are used as a nitrogen source (Hargrove et al., 1986) while grass and brassica cover crops are 
often used as nitrogen “scavengers” to reduce possible soil nitrogen loss via leaching or 
volatilization (Tonitto et al., 2006; Gieske et al., 2016).  
 The use of cover crops is an important way to increase diversity in crop rotations on 
farms. Increased diversity in farming systems has been associated with reducing external inputs 
while maintaining productivity (Davis et al., 2012). As cover crops become more widely used, 
farmers are becoming increasingly interested in using cover crops in mixture, combining two or 
more species from diverse functional groups. Mixtures are thought to provide multiple benefits 
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from a single planting. Grass-legume bicultures are among the most common cover crop 
mixtures used (Hayden et al., 2014; Kuo and Sainju, 1998; Brennan et al., 2011; Odhiambo and 
Bomke 2001). In such a biculture, legumes are used to fix nitrogen while grasses are used as 
nitrogen scavengers. Bicultures have been shown to be more effective at reducing nitrogen 
losses and increasing cash crop yields than either a grass or legume alone (Rosecrance et al., 
2000) and have been shown to be more efficient with resource use than either species alone 
(Dhima et al., 2007; Hayden et al., 2014). Although grass-legume bicultures are relatively well-
characterized, brassica-legume bicultures have been studied less extensively (Wortman et al., 
2012) and relatively few studies have investigated the interactions between species in more 
complex mixtures (Wortman et al., 2013a; Creamer et al., 1997). Further, cover crop 
performance in mixture is not well-understood in varying environments. Finney et al. (2016) 
observed multifunctionality in cover crop mixtures, particularly in terms of nitrogen retention 
and weed suppression from high biomass non-legumes and nitrogen fixation from legumes, but 
these benefits were not observed consistently across varying weather and climate conditions. 
When specific functions or ecosystem services are desired from a cover crop planting, 
interspecific competition in a diverse cover crop mixture could inhibit the growth of functionally 
important species. For example, Wortman and Dawson (2015) found that cowpea (Vigna 
unguiculata) shoot biomass and nitrogen fixation potential was reduced in diverse mixture 
compared to monoculture. 
 Increasing diversity in cover crop plantings could have positive effects on soil microbial 
community activity and composition. Increased diversity in crop rotation that includes cover 
crops has been shown to increase soil microbial biomass (McDaniel et al., 2014). Mendes et al. 
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(1999) suggested that cover crop type, particularly legume versus cereal grass, has a significant 
influence on microbial community size and activity. Lange et al. (2015) showed that plant 
species richness positively influences microbial respiration and biomass through increased plant 
community productivity and, in turn, carbon inputs into the soil. If more diverse mixtures 
produce more biomass and more carbon, we would expect the most productive cover crop 
species and mixtures to significantly increase microbial respiration. 
 Soil nitrogen cycling by cover crops and their effect on subsequent cash crop yields are 
relatively well understood. In terms of nitrogen fixation, legumes such as hairy vetch have been 
shown to provide nitrogen to subsequent crops comparable to 100 kg N/ha fertilizer (Ebelhar et 
al., 1984). In terms of nitrogen scavenging, cover crops have been shown to reduce the amount 
of nitrate leaching into soil water (Thorup-Kristensen et al., 2003). Nutrient retention and 
recycling has potential yield benefits. Hill et al. (2016) found that the yield of dry beans after 
cover crops incorporation was no different than beans receiving synthetic fertilizer. The 
proportion of legumes in mixture has been shown to influence on nitrogen availability to cash 
crops. Grass-legume bicultures with less than 40% hairy vetch residue resulted in a higher C:N 
ratio and longer N immobilization periods than bicultures with more than 40% hairy vetch 
residue (Kuo and Sainju, 1998).  
Despite this extensive work on cover crops, the performance of species in more diverse 
mixtures and their subsequent impacts on soil nitrogen availability is not as clear. For example, 
although legumes can be more efficient at fixing nitrogen in mixture on a per plant basis, 
legumes fix less nitrogen overall in mixture because of reduced planting densities (Hauggaard-
Nielsen et al., 2006). Further, species interference in mixtures could have a negative impact on 
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less-competitive species and their ability to fix or scavenge nitrogen. For example, Wortman et 
al. (2012) showed that mustards tend to dominate cover crop mixtures, causing legumes to 
suffer in terms of productivity. For farmers to make sound management choices when using 
cover crops, our understanding of how species behave in mixture and their effects on soil 
nitrogen cycling, microbial activity, and crop productivity needs to improve. The objective of 
this study was to determine the influence of cover crop mixtures and their component species 
on community biomass production, soil microbial activity, and soil nitrogen retention. Given 
current evidence, we predict that the use of diverse cover crop mixtures will increase soil 
microbial activity, biomass production, and soil nitrogen retention and contributions compared 
to component species in monoculture.  
Materials and Methods 
Field experiments were conducted in 2014 and 2015 at PrairiErth Farm in Atlanta, IL (40°13’N 
89°13’W) and Kinnikinnick Farm in Caledonia, IL (42°27’N 88°52’W). The dominant soil type at 
both sites is silt loam. Soil characteristics for each experimental site are summarized in Table 1. 
Cropping history throughout each site was highly varied and included grain and vegetable crops 
but each site was certified for organic production according to the United States Department of 
Agriculture National Organic Program guidelines. 
Three separate experiments were conducted at each site in each year to explore options 
for spring-, summer-, and fall-planted (overwintering) cover crops. Each experiment was 
planted in a randomized complete block design with four replications of 14 treatments, 
including a weeded control and a weedy control (e.g. ambient weed communities). Each 
experimental unit was 16m2 and each experimental site totaled 1064 m2. A new experimental 
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site within each organic farm was chosen each year. Six cover crop species were studied in each 
seasonal experiment for a total of 18 species (6 species × 3 experiments/site). Similar to Smith 
et al. (2014), each experiment included six species representing diverse plant families and 
functions. Each experiment typically included two grasses (Poaceae family), two brassicas 
(Brassicaceae family), and two legumes (Fabaceae family). In the summer experiments, 
buckwheat (Fagopyrum esculentum), a broadleaf forb in the Polygonaceae family, was 
substituted for a brassica. In the fall experiments, a third legume, yellow blossom sweetclover 
(Melilotus officinalis), was substituted for a brassica.  
Species were planted in monoculture and all possible five-way mixtures for a total of six 
monocultures and six mixture treatments. Using a substitutive approach similar to Smith et al. 
(2014) and Wortman et al. (2012), seeding rates were obtained by dividing the seeding rates for 
each monoculture by the number of species in each mixture. Therefore, each monoculture 
seeding rate was divided by five (the total number of species in each mixture treatment) to 
obtain mixture seeding rates for each species. Species and seeding rates for each experiment 
are shown in Table 2. Experimental beds were prepared 0-3d before planting using a rotavator 
to a depth of 15 cm. All cover crops were planted by hand broadcasting. Seed was incorporated 
by light incorporation methods including gravel rakes, drag harrows, and a Lely weeder (Lely 
Inc., Pella IA, USA) in 2014 and with a single-roller cultipacker in 2015. No pesticides, soil 
amendments (e.g., compost or manure application), fertilizer or irrigation were used at 
experimental locations between 2013 and 2015. Cover crops were allowed to grow for 
approximately two months before sampling and termination, with the exception of 
overwintering fall crops, which were planted in late October and sampled in early May of the 
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following year. Cover crops were terminated by mower and rotavator to a depth of 15cm after 
sampling. 
Aboveground biomass was sampled from two random quadrats (45.7 × 61cm) 
immediately prior to cover crop termination. Shoots within quadrats were clipped to within 
3cm of the soil surface using hand trimmers and separated by species. Weeds were separated 
from planted cover crops but were not separated by species. Fresh aboveground biomass from 
all experimental units was weighed in the field, and one replicate block of experimental 
treatments was transported back to the lab and dried for 14 d at 60 °C. Dry weights for each 
species in this replication were regressed against fresh weights and used to estimate dry weight 
of each species in monoculture and all possible mixtures. 
Aboveground biomass for tissue nitrogen analysis was sampled from one random 
quadrat (45.7 x 61cm) immediately prior to cover crop termination. Shoots within quadrats 
were clipped in the same way as for all other aboveground biomass samples. Weeds were 
included in each sample along with cover crops in order to assess the nitrogen accumulation by 
the entire community. One sample from each plot aside from the weeded control was 
transported back to the lab and dried for 14d at 60 °C. Samples were then analyzed for percent 
tissue nitrogen via loss on ignition (Ward Laboratories, Kearney, NE, USA). 
Soil sampling was conducted using JMC soil probes with a 1.9 cm bore (Clements 
Associates Inc., Newton, IA, USA). Soil was sampled for nitrate three times throughout the 
course of each experiment: once immediately prior to planting, once during active plant growth 
immediately prior to termination (approximately two months after planting), and again 
approximately four weeks after cover crop termination and soil incorporation. Eight samples 
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were collected at random locations within each plot to a depth of 20 cm and aggregated for KCl 
extraction and analysis for nitrate (Ward Laboratories, Kearney, NE, USA). A separate soil 
sample was collected immediately prior to cover crop termination (approximately two months 
after planting) to assess microbial activity. Four samples at 10cm were collected at random 
locations within each plot to a depth of 10 cm, and an aggregate subsample was placed in 15 
mL conical tubes and stored at 4 °C for no longer than 3 wk before analysis (Gonzalez-Quiñones 
et al., 2009). 
 Cover crop nitrogen accumulation and weed nitrogen accumulation were determined 
using plant biomass and plant tissue nitrogen from each plant community for each experiment 
using the following equation: 
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑁 =
% 𝑡𝑖𝑠𝑠𝑢𝑒 𝑁
100
∗ (𝑝𝑙𝑎𝑛𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) 
Percent increase or decrease in nitrate levels during cover crop growth was calculated using the 
following equation: 
% 𝑐ℎ𝑎𝑛𝑔𝑒 = [
(𝑁 𝑎𝑡 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 − 𝑁 𝑝𝑟𝑒𝑝𝑙𝑎𝑛𝑡)
𝑁 𝑝𝑟𝑒𝑝𝑙𝑎𝑛𝑡
] ∗ 100 
Percent increase or decrease in nitrate levels after cover crop incorporation was calculated 
using the following equation: 
% 𝑐ℎ𝑎𝑛𝑔𝑒 = [
(𝑁 4 𝑤𝑘 𝑎𝑓𝑡𝑒𝑟 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 − 𝑁 𝑝𝑟𝑒𝑝𝑙𝑎𝑛𝑡)
𝑁 𝑝𝑟𝑒𝑝𝑙𝑎𝑛𝑡
] ∗ 100 
Soil microbial activity was measured using substrate-induced respiration via the MicroResp 
colorimetric method (The James Hutton Institute, Aberdeen, Scotland, UK; Campbell et al. 
2003). A subsample of soil collected from cover crop plots was dispensed into a 96-well plate 
using the MicroResp plate-filling device. Soil samples were split into three technical replications 
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in preparation for application of a substrate. After filling, deep-well plates were stored for 24 hr 
at 4 °C to stabilize soil temperature. The substrate was then applied to the deep-well plates. A 
25 µL aliquot of a 0.1 mg/mL glucose solution was applied to the three technical replications of 
the soil sample. Although some MicroResp studies include a water control for measuring 
baseline microbial activity (Ge et al., 2013), one was not included here because the objective 
was simply to determine relative differences among treatments, not absolute values of 
microbial respiration. Using a silicone gasket, deep-well plates were then clamped to a 96-well 
CO2 detection microplate containing a cresol red + agar solution and allowed to incubate for 6 h 
at 25C. Color change from CO2 exposure between 0 h to 6 h was assessed using a microplate 
spectrophotometer at 570 nm (Epoch, Biotek Instruments, Inc., Winooski, VT, USA). 
Analysis of variance was performed using the GLIMMIX procedure in SAS (v9.3, SAS 
Institute, Cary, NC, USA). Year, location, and cover crop treatment were treated as fixed effects 
and replication was treated as a random effect in the mixed effects model. Technical reps in the 
MicroResp analysis were averaged to obtain a single value for the glucose substrate. The 
assumption of homogeneity of variance for ANOVA in GLIMMIX was tested using the Brown-
Forsythe test in the GLM procedure. Data satisfied these assumptions. Differences among least 
squares means were determined using the Tukey-Kramer multiple comparisons test and a 
significance level of α=0.05. If the interaction of year and/or location with treatment was 
insignificant (using α=0.05), the data were pooled across year and/or location. 
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Results and Discussion 
Soil Microbial Activity 
There were significant interactions between treatment and year, treatment and location, or 
both (p<0.05) for microbial activity, so data were analyzed separately. Data from the lignin 
substrate was omitted from this discussion because of its overall lack of response to cover crop 
treatments. Contrasts were performed to compare the weeded control with treatments 
containing plants in all site-years. Microbial activity did not differ significantly among 
treatments except for Kinnikinnick Farm in spring 2015 (Fig. 8). During this year and season, 
microbial activity in the weeded treatment was significantly lower than in any of the other 
treatments including weeds. This site-year also showed a significant difference in the contrast 
between the weeded control and all other treatments (p<0.001). The only other site-year with a 
contrast showing significant differences between all treatments and the weeded control was 
PrairiErth in spring 2014 (p<0.05) (Fig. 9). Although this seems to suggest that the presence of 
plants in a treatment may have a positive influence on microbial activity, the lack of response in 
the other sites and years makes it difficult to propose such an explanation. These findings are 
similar to Wortman et al. (2013b), showing that microbial biomass was generally no different 
between various cover crop treatments and the weedy and weeded controls. Other factors may 
be correlated with microbial activity more strongly than cover crop species or mixture 
composition alone. It has been shown that fungal and protozoan microbes may be more 
responsive to cover crops after incorporation rather than during plant growth (Schutter et al., 
2001). Also, the species and functional groups of microbes could have varied at each site from 
year to year due to variance in soil type rather than cover crop treatment, which could have 
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stronger effects on their relative activity levels (Groffman et al., 1996). Schutter et al. (2001) 
found that season was a more important factor for determining microbial biomass and activity 
rather than farm management (i.e. cover cropping versus fallow). Further, soil microbial activity 
may not vary significantly during the relatively short time span of cover crop growth used in this 
study. 
Cover Crop Biomass 
Cover crop biomass was influenced by treatment and year, treatment and location, or both 
(p<0.05) so data were analyzed separately. Mustard (4.48 Mg/ha dry biomass in 2014) and 
sudangrass (8.78 Mg/ha dry biomass in 2015) were among the most productive monoculture 
species at PrairiErth Farm (Tables 12 and 13). Mustard biomass production exceeded that of 
Pacific old (Brassica juncea) planted in late March in Nebraska (Wortman et al., 2012) and 
sudangrass produced biomass comparable to other studies (Creamer and Baldwin, 2000; Wang 
et al., 2008). Buckwheat was among the most productive monoculture species at Kinnikinnick 
Farm, producing 4.63 Mg/ha dry biomass in 2014 and 3.60 Mg/ha dry biomass in 2015 (Tables 
12 and 13). Buckwheat monoculture at either site performed similarly to monoculture 
buckwheat seeded in late June and early July in North Carolina (Creamer and Baldwin, 2000) 
and performed better than buckwheat planted in early June in Wisconsin (Saunders-Bulan et 
al., 2015).  
Cover Crop Nitrogen Accumulation 
Due to significant interactions between treatment and year, treatment and location, or both, 
each experiment was analyzed separately. In general, potential nitrogen contribution from each 
plant community did not differ by treatment and did not differ from weeds. Potential nitrogen 
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contribution from weeds was the same as most cover crop treatments except at Kinnikinnick in 
spring 2014, when insect pressure on mustard and turnip resulted in catastrophic biomass loss. 
This caused nitrogen accumulation in mustard to differ significantly from oat in that year. The 
lack of difference between weed nitrogen accumulation and cover crop nitrogen accumulation 
is in contrast to the findings of Komatsuzaki and Wagger (2015), which showed that weeds 
were unable to accumulate as much nitrogen as cover crops. This discrepancy can be explained 
by differences in community composition between Komatsuzaki and Wagger and the present 
study. Plant communities differed greatly in terms of cover crop versus weed species 
composition in each experiment. Some cover crop treatments, particularly legumes, were 
dominated by weeds. Faba bean, pea, cowpea and soybean were among the cover crop 
treatments with the greatest weed biomass present in each treatment. For pea, these findings 
are consistent with other studies investigating legumes and their ability to compete with weeds 
(Akemo et al., 2000; Corre-Hellou et al., 2011). These findings are in contrast to Creamer and 
Baldwin (2000), which found that cowpea and soybean were both capable of producing more 
than 3 Mg/ha biomass. These differences can partially be explained by poor legume 
establishment related to seeding methods in the present study. In practice, legumes should be 
seeded with a drill to 2.5 cm to protect the farmer’s investment in seed and guarantee N 
fixation (Clark et al., 2012). Poor establishment and low cropping density in legume stands has 
been shown to have a negative effect on nitrogen fixation, which helps explain the lack of 
significant differences among legume monocultures and other treatments in this study 
(Hauggaard-Nielsen et al., 2006). 
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 Cover crop bicultures, particularly those containing legumes like hairy vetch, have been 
shown to accumulate more nitrogen than their component species alone (Rosecrance et al., 
2000; Hayden et al., 2014). However, the present study did not demonstrate that more 
complex mixtures were able to accumulate any more nitrogen than their component species in 
monoculture.  
Soil Nitrogen Scavenging 
In most cases, significantly more nitrate was available in the weeded control plots compared to 
cover crop and weedy treatments. Figures show the show the relative percent change between 
nitrate before cover crop planting and nitrate just prior to termination. At PrairiErth Farm in 
spring (pooled across years), nitrate was 5x greater in the weeded control versus the other 
treatments (Fig. 10). This trend is similar in the other site-years. At Kinnikinnick in spring 2015, 
the weeded control had 50% more nitrate present at sampling compared to the baseline and 
was significantly greater than all other treatments (Fig. 11). At PrairiErth in summer 2015, soil 
nitrate prior to termination in the weeded control increased by 75% compared to the baseline 
and was again significantly greater than all other treatments (Fig. 12). At Kinnikinnick in spring 
2014, the weeded control was significantly different from all treatments except for wheat, 
mustard, faba bean, pea, and mix-mustard, and in all treatments, soil nitrate decreased 
significantly over time (Fig. 13). At Kinnikinnick in summer 2014, the trend is less pronounced, 
but the weeded control had significantly more nitrate present than corn, buckwheat, mix-
cowpea, mix-sudangrass, and weeds (Fig. 14). Only in summer 2014 at PrairiErth were there no 
significant differences among treatments. However, nitrate availability decreased over time in 
all treatments and was trending lower in cover crop plots (data not shown). These results 
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demonstrate the ability not only of cover crops but also of weeds to accumulate significant 
amounts of nitrate that could otherwise be leached or volatilized. Few studies show the impact 
of weeds on nitrogen scavenging outside the context of cash crop competition. However, 
studies of winter annual weeds can provide some insight on weeds’ ability to take up nitrogen. 
Mueller et al. (2013) found that winter annual weeds were able to take up between 7 and 32 kg 
N/ha in a conventionally managed system in eastern Kansas. Relatively similar uptake rates 
were found in a study in central Georgia (Sainju et al., 2007). Although these studies focused on 
winter annual weeds, the weeds in the present study took up considerably more nitrogen, 
suggesting that they could play an important role in nitrogen scavenging if carefully managed. 
Despite the potential for greater resource-use efficiency in diverse plant communities 
(Dhima et al., 2007; Hauggard-Nielsen, 2001; Jannink et al., 1996; Kuo et al., 2001), cover crop 
mixtures did not demonstrate a greater potential for nitrogen recovery compared to cover crop 
monocultures and weeds, at least in the top 20 cm of the soil profile. It is possible that cover 
crops in this study had an effect on nitrate leaching deeper in the soil profile, as cover crops 
have been shown to reduce nitrate leaching at depths of 30 cm (Utomo et al., 1990) and up to 
180 cm (Weinert et al., 2002).  
Data from Kinnikinnick Farm in summer 2015 was omitted from analysis due to technical 
lab errors.  
Cover Crop Contribution to Soil Nitrogen 
In most cases, nitrate availability after cover crop incorporation did not differ by treatment. 
Data is presented as the percent change in nitrate present at soil sampling 4 wk after 
incorporation in comparison to nitrate sampled at planting. In summer 2015, while on the 
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whole nitrate levels were greater in all treatments compared to the baseline, nitrate availability 
was less in sudangrass compared to the weeded treatment, which may reflect delayed 
decomposition and release of mineralizable N from this higher C:N ratio treatment (O’Connell 
et la., 2015) (Fig. 15). In spring 2014, the weeded treatment had more nitrate available than M-
CWP and weeds (again, possibly due to N immobilization), but soil nitrate was greater than 
preplant levels in almost all treatments (Fig 16).  
Given that the potential nitrogen contribution (biomass nitrogen) of cover crops did not 
vary by treatment in most cases, a lack of differences among treatments in nitrate after 
incorporation is not entirely surprising. For some species, potential nitrogen contributions may 
be underestimated because only shoot biomass was analyzed. Mitchell and Teel (1977) showed 
that in hairy vetch and other cover crops, up to 15% of the plant’s nitrogen is contained in root 
tissue. Gieske et al. (2016) found that tillage radish was able to contribute up to 145 kg N/ha, 
but this figure includes root biomass as well as shoot biomass. It is also important to consider 
the variability of nitrate levels in soil, which can depend on environmental factors such as soil 
type and soil moisture, and management factors such as tillage (Wyland et al., 1995).  
Cover crop nitrogen at levels shown in this study are all able to partially meet the 
nitrogen needs of subsequent cash crops, but due to variable nitrogen mineralization rates, 
uptake ability, and growth rates of subsequent crops, nitrogen contribution may be 
asynchronous with cash crop need (Huntington et al., 1985). Hairy vetch, with a relatively low 
C:N ratio, was shown to release up to 89% of its tissue nitrogen 30 d after incorporation (Varco 
et al., 1993), whereas rye was shown to have a negative mineralization rate (e.g. immobilization 
of nitrate) compared to vetch and rye/vetch mixtures (Rosecrance et al., 2000). Variability in 
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crop mineralization rates results in unpredictability in subsequent cash crop uptake. Corn was 
only able to take up 38% of nitrogen provided by cover crops in a no-till study in Delaware, 
indicating that the cover crop was unable to meet corn needs (Mitchell and Tell, 1977). In 
another case, cover crops (hairy vetch) were able to provide sufficient N to a corn crop 
comparable to a 100 kg N/ha inorganic fertilizer application (Ebelhar et al., 1984). Depending on 
cash crop need and timing of need, cover crop treatments in this study may have the ability to 
provide enough N to a variety of crops. Leafy vegetables like lettuce can require 39-62 kg N/ha 
at planting (Santos et al., 2013). However, the nitrogen needs of tomatoes (135 kg N/ha) can be 
met by hairy vetch due to its relatively low C:N ratio and accumulation of tissue nitrogen (145 
kg N/ha) (Abdul-Baki et al., 1997). Many cover crop treatments in this study accumulated 
enough nitrogen to provide for the needs of these crops. 
Conclusions 
In general, cover crop mixtures did not have a significant effect on soil microbial activity, soil 
nitrogen scavenging, or soil nitrogen contribution compared to monocultures in this study. The 
most cost-effective cover crop mixtures, therefore, are the mixtures minus the most expensive 
species, which were typically legumes in this study. Cover crops were generally able to 
contribute enough nitrogen to partially meet N need. In this study, we also found that weeds 
often did not differ significantly from cover crop monocultures or mixtures in terms of nitrogen 
scavenging, soil nitrogen contribution, and tissue nitrogen accumulation. Although allowing 
ambient weeds to grow can have detrimental effects, such as contributing to the weed seed 
bank, according to the metrics used in this study, weeds are the least expensive available 
“cover crop” mixture. However, farmers should carefully consider their cover cropping goals 
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and financial needs when making decisions about what cover crops to plant. In this case, 
choosing the least expensive mixtures (M-FAB, M-CWP, and M-VCH, for example) provided 
similar results to more expensive alternatives.   
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TABLES AND FIGURES 
Table 1: Summary of soil characteristics for each experimental site in 2014 and 2015. Spring 
2014 and 2015 data at PrairiErth were duplicated to reflect planting in the same experimental 
field both years. 
PrairiErth Farm 
Experiment Texture OM % pH 
Spring 2014 Silt loam 2.0 6.9 
Summer 2014 Silty clay loam 3.9 7.1 
Fall 2014-15 Silt loam 2.8 5.6 
Spring 2015 Silt loam 2.0 6.9 
Summer 2015 Silty clay loam 4.1 7.3 
    
Kinnikinnick Farm 
Experiment Texture OM % pH 
Spring 2014 Silt loam 1.8 7.0 
Summer 2014 Clay loam 4.1 6.4 
Fall 2014-15 Silt loam 4.3 6.2 
Spring 2015 Silt loam 2.4 7.1 
Summer 2015 Silt loam 2.9 7.0 
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Table 2: Seeding rates of each species in monoculture and mixture. 
        Seeding Rate 
    Monoculturez Mixturex 
Season Common name Scientific name Label kg/ha 
Seed 
($/ha)y kg/ha 
Seed 
($/ha) 
Spring Oat Avena sativa L. OAT 168.0 $119.05 33.6 $23.81 
 Spring wheat Triticum aestivum L. SPW 112.0 $83.66 22.4 $16.73 
 Kodiak mustard Brassica juncea (L.) Czern. MUS 22.4 $61.75 4.5 $12.35 
 Purple top turnip Brassica campestris L. PTT 4.5 $17.14 0.9 $3.43 
 
Faba bean (var. 
Diana) Vicia faba L. FAB 140.0 $185.25 28.0 $37.05 
 Field pea Pisum sativum L. PEA 112.0 $109.92 22.4 $21.98 
Summer Forage corn Zea mays L. FRC 28.0 $27.79 5.6 $5.56 
 Sudangrass 
Sorghum bicolor L. ssp. 
Drummondii SDG 44.8 $77.39 9.0 $15.48 
 Buckwheat Fagopyrum sagittatum Moench BKW 67.2 $140.25 13.4 $28.05 
 Tillage radish Raphanus sativus L. TLR 16.8 $102.75 3.4 $20.55 
 Cowpea Vigna unguiculata L. CWP 56.0 $182.78 11.2 $36.56 
 Soybean Glycine max (L.) Merr. SYB 112.0 $148.20 22.4 $29.64 
Fall Cereal rye Secale cereale L. RYE 134.4 $84.47 26.9 $16.89 
 Triticale 
x Triticosecale Wittm. Ex A. 
Camus. TRI 134.4 $108.58 26.9 $21.72 
 Forage kale Brassica napus L. KAL 6.7 $41.00 1.3 $8.20 
 Hairy vetch Vicia villosa Roth. VCH 44.8 $233.83 9.0 $46.77 
 Austrian winter pea Pisum sativum L. WPE 112.0 $135.85 22.4 $27.17 
  
Yellow blossom 
clover Melilotus officinalis (L.) Pall. CLO 11.2 $55.82 2.2 $11.16 
zMonoculture seeding rates were determined using guidelines from extension sources and seed companies. 
ySeed cost was determined using seed prices from seed sources and was converted from lbs/acre to kg/ha. 
xMixture seeding rates and cost are one-fifth the rate and cost in monoculture. 
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Table 3: Seeding costs for each mixture.  
Season Treatment Cost/ha 
Spring Mix-Oat $91.54 
 Mix-Wheat $98.62 
 Mix-Mustard $103.00 
 Mix-Turnip $111.93 
 Mix-Faba $78.30 
 Mix-Pea $93.37 
Summer Mix-Corn $130.27 
 Mix-Sudangrass $120.35 
 Mix-Buckwheat $107.78 
 Mix-Radish $115.28 
 Mix-Cowpea $99.27 
 Mix-Soybean $106.19 
Fall Mix-Rye $115.02 
 Mix-Triticale $110.20 
 Mix-Kale $123.71 
 Mix-Vetch $85.15 
 Mix-WintPea $104.74 
  Mix-Clover $120.75 
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Table 4: Shoot dry weights (Mg/ha) of all mixture and monoculture cover crop treatments in 
2014 at both experimental sites. Biomass was sampled after approximately 8 wk of growth. 
Lowercase letters indicate differences in dry biomass within seasons and locations (columns). 
 
    Biomass (Mg/ha) 
Season Species/Mix PrairiErth Kinnikinnick 
Spring Oat 3.09 ab 3.45 a 
 Spring wheat 2.77 ab 2.09 ab 
 Kodiak mustard 4.48 a 0.17 b 
 Purple top turnip 3.27 ab 0.08 b 
 Faba bean 0.17 b 1.22 b 
 Field pea 1.57 ab 1.53 ab 
 Mix-Oat 3.37 ab 1.44 ab 
 Mix-Wheat 4.00 a 1.75 ab 
 Mix-Mustard 2.36 ab 1.81 ab 
 Mix-Turnip 4.27 a 2.015 ab 
 Mix-Faba 3.76 a 1.99 ab 
 Mix-Pea 3.30 ab 1.35 ab 
  SE 0.71 0.49 
Summer Forage corn 4.22 ab 3.46 ab 
 Sudangrass 8.78 a 3.42 ab 
 Buckwheat 5.13 ab 4.63 a 
 Tillage radish 0.68 b 2.27 abc 
 Cowpea 0.71 b 0.18 c 
 Soybean 0.68 b 0.62 bc 
 Mix-Corn 4.78 ab 3.69 a 
 Mix-Sudan 2.28 b 2.28 abc 
 Mix-Buck 4.55 ab 2.56 abc 
 Mix-Radish 4.98 ab 3.79 a 
 Mix-Cowpea 5.21 ab 3.52 ab 
 Mix-Soybean 4.67 ab 2.91 abc 
  SE 1.04 0.71 
Fall Cereal rye 0.93 ab 1.52 
 Triticale 1.35 a  1.24 
 Forage kale - - 
 Hairy vetch - 1.18 
 Austrian winter pea - 1.22 
 Yellow blossom clover - - 
 Mix-Rye 0.38 b 0.68 
 Mix-Triticale 0.64 ab 1.40 
 Mix-Kale 0.83 ab 1.51 
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Table 4 (Cont.): 
 Mix-Vetch 0.84 ab 1.53 
 Mix-AWPea 0.68 ab 1.72 
 Mix-Clover 0.73 ab 1.45 
  SE 0.24 0.33 
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Table 5: Shoot dry weights (Mg/ha) of all mixture and monoculture cover crop treatments in 
2015 at both experimental sites. Biomass was sampled after approximately 8 wk of growth. 
Lowercase letters indicate differences in dry biomass within seasons and locations (columns). 
 
    Biomass (Mg/ha) 
Season Species/Mix PrairiErth Kinnikinnick 
Spring Oat 3.66 ab 2.03 ab 
 Spring wheat 2.72 abc 1.36 bc 
 Kodiak mustard 3.27 ab 3.33 a 
 Purple top turnip 1.30 bc 1.18 bc 
 Faba bean 0.54 c 0.16 c 
 Field pea 1.36 bc 0.62 bc 
 Mix-Oat 3.06 abc 2.08 ab 
 Mix-Wheat 2.67 abc 2.13 ab 
 Mix-Mustard 1.87 abc 1.61 bc 
 Mix-Turnip 2.98 abc 2.27 ab 
 Mix-Faba 2.65 abc 2.07 ab 
 Mix-Pea 4.23 a 1.51 bc 
  SE 0.59 0.36 
Summer Forage corn 0.73 bc 1.33 b 
 Sudangrass 4.63 a 2.59 ab 
 Buckwheat 1.20 bc 3.60 a 
 Tillage radish 1.58 abc 2.32 ab 
 Cowpea 0.38 c 1.39 ab 
 Soybean 0.56 c 0.93 b 
 Mix-Corn 1.91 abc 2.73 ab 
 Mix-Sudan 1.27 bc 3.08 ab 
 Mix-Buck 3.26 abc 2.74 ab 
 Mix-Radish 3.76 ab 2.34 ab 
 Mix-Cowpea 2.67 abc 2.82 ab 
 Mix-Soybean 2.07 abc 3.06 ab 
  SE 0.64 0.51 
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Table 6: Total LER and partial LER for spring cover crops at PrairiErth Farm in 2014 and 2015. Different capital letters indicate 
differences in partial LER among treatments (rows) and different lowercase letters indicate differences in partial LER within 
treatments (columns). In 2014, the SE of the least squares mean for TLER = 0.16 and for pLER = 0.08. In 2015, the SE of the least 
squares mean for TLER = 0.33 and for pLER = 0.17. 
 
 
 
 
 
 
 
 
 
 
 
2014 Cover Crop Mixtures 
Species M-OAT M-SPW M-MUS M-PTT M-FAB M-PEA 
Oat  0.19 ABb 0.30 Aa 0.23 ABb 0.16 Bb 0.10 Bb 
Wheat 0.07 b  0.18 ab 0.14 b 0.13 b 0.12 b 
Mustard 0.57 a 0.59 a  0.68 a 0.54 a 0.53 a 
Turnip 0.15 ab 0.23 b 0.24 ab  0.13 b 0.08 b 
Faba bean 0.10 b 0.16 b 0.06 b 0.07 b  0.02 b 
Field pea 0.07 b 0.02 b 0.11 b 0.05 b 0.02 b   
TLER 0.96 1.19 0.89 1.18 0.99 0.85 
       
2015 Cover Crop Mixtures 
Species M-OAT M-SPW M-MUS M-PTT M-FAB M-PEA 
Oat  0.23 0.15 0.12 0.19 0.12 b 
Wheat 0.15  0.12 0.14 0.14 0.16 ab 
Mustard 0.64 0.38  0.49 0.11 0.89 a 
Turnip 0.21 0.22 0.58  1.02 0.29 ab 
Faba bean 0.00 0.06 0.27 0.32  0.18 ab 
Field pea 0.23 0.23 0.13 0.27 0.05   
TLER 1.23 1.12 1.26 1.34 1.51 1.65 
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Table 7: Total LER and partial LER for summer cover crops at PrairiErth Farm in 2014 and 2015. Different lowercase letters indicate 
differences in partial LER within treatments (columns). In 2014, the SE of the least squares mean for TLER = 0.31 and for pLER = 0.12. 
In 2015, the SE of the least squares mean for TLER = 0.23 and for pLER = 0.10. 
 
2014 Cover Crop Mixtures 
Species M-FRC M-SDG M-BKW M-TLR M-CWP M-SYB 
Corn  0.09 0.33 0.09 b 0.11 0 b 
Sudan 0.44 a  0.30 0.36 a 0.31 0.45 a 
Buck 0.14 ab 0.24  0.23 ab 0.30 0.10 ab 
Radish 0.09 ab 0.24 0.23  0.17 0.08 b 
Cowpea 0.02 b 0.23 0.07 0.21 ab  0.22 ab 
Soybean 0.22 ab 0.51 0.43 0.11 ab 0.51   
TLER 0.91 1.30 1.36 1.01 1.41 0.85 
       
2015 Cover Crop Mixtures 
Species M-FRC M-SDG M-BKW M-TLR M-CWP M-SYB 
Corn  0 b 0.11 0 c 0 b 0 b 
Sudan 0.19 ab  0.54 0.67 a 0.29 ab 0.20 ab 
Buck 0.22 ab 0.28 ab  0.48 ab 0.41 ab 0.28 ab 
Radish 0.43 a 0.55 a 0.38  0.50 a 0.50 a 
Cowpea 0.08 b 0 b 0.01 0.08 c  0.04 b 
Soybean 0.09 b 0.12 b 0.12 0.13 bc 0.11 ab   
TLER 1.02 0.95 1.16 1.35 1.31 1.01 
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Table 8: Total LER and partial LER for spring cover crops at Kinnikinnick Farm in 2014 and 2015. Different lowercase letters indicate 
differences in partial LER within treatments (columns). In 2014, the SE of the least squares mean for TLER = 0.33 and for pLER = 0.13. 
In 2015, the SE of the least squares mean for TLER = 0.30 and for pLER = 0.10. 
2014 Cover Crop Mixtures 
Species M-OAT M-SPW M-MUS M-PTT M-FAB M-PEA 
Oat  0.36 0.28 0.26 0.25 0.21 ab 
Wheat 0.36  0.23 0.26 0.28 0.24 a 
Mustard 0.22 0.28  0.34 0.86 0.19 ab 
Turnip 0.13 0.14 0.47  0.01 0 c 
Faba bean 0.11 0.08 0.12 0.11  0.06 bc 
Field pea 0.33 0.24 0.10 0.25 0.26   
TLER 1.15 1.10 1.21 1.22 1.65 0.71 
       
2015 Cover Crop Mixtures 
Species M-OAT M-SPW M-MUS M-PTT M-FAB M-PEA 
Oat  0.14 0.33 0.16 ab 0.13 0.15 ab 
Wheat 0.15 b  0.20 0.09 b 0.15 0.05 b 
Mustard 0.47 a 0.67  0.50 a 0.39 0.30 a 
Turnip 0.14 b 0.16 0.31  0.07 0.08 b 
Faba bean 0.18 b 0.05 0.26 0.15 ab  0 b 
Field pea 0.13 b 0.27 0.25 0.24 ab 0.28   
TLER 1.06 1.29 1.34 1.13 1.03 0.59 
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Table 9: Total LER and partial LER for summer cover crops at Kinnikinnick Farm in 2014 and 2015. Different capital letters indicate 
differences in partial LER among treatments (rows) and different lowercase letters indicate differences in partial LER within 
treatments (columns). In 2014, the SE of the least squares mean for TLER = 0.29 and for pLER = 0.09. In 2015, the SE of the least 
squares mean for TLER = 0.20 and for pLER = 0.09. 
2014 Cover Crop Mixtures 
Species M-FRC M-SDG M-BKW M-TLR M-CWP M-SYB 
Corn  0.15 0.10 0.06 b 0.13 0.03 
Sudan 0.38  0.37 0.55 a 0.29 0.28 
Buck 0.35 0.28  0.33 ab 0.37 0.31 
Radish 0.28 0.14 0.38  0.15 0.17 
Cowpea 0.46 0.23 0.14 0.08 ab  0.08 
Soybean 0.07 0.11 0.06 0.25 ab 0.11   
TLER 1.54 0.92 1.06 1.27 1.04 0.87 
       
2015 Cover Crop Mixtures 
Species M-FRC M-SDG M-BKW M-TLR M-CWP M-SYB 
Corn  0.07 c 0.02 b 0.12 a 0 b 0.22 b 
Sudan 0.09 ab  0.11 b 0.18 a 0.13 ab 0.07 b 
Buck 0.35 ab 0.39 ab  0.33 a 0.39 a 0.34 b 
Radish 0.47 a 0.61 a 0.97 a  0.44 a 0.57 a 
Cowpea 0.06 ABb 0.06 ABc 0.02 Bb 0.20 Aa  0.02 Bb 
Soybean 0.08 ABab 0.09 ABbc 0.14 ABb 0.27 Aa 0.06 Bb   
TLER 1.05 1.22 1.27 1.09 1.02 1.23 
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Table 10: Total LER and partial LER for fall cover crops at PrairiErth Farm in 2014. Species absent due to winterkill are represented by 
a dash (-). The SE of the least squares mean for TLER = 0.24 and for pLER = 0.08. 
2014 Cover Crop Mixtures 
Species M-RYE M-TRI M-KAL M-WPE M-VCH M-CLO 
Rye  0.67 0.43 0.35 0.43 0.37 
Triticale 0.39  0.44 0.36 0.44 0.38 
Kale - -  - - - 
Aus. Pea - - -  - - 
Vetch - - - -  - 
YB clover - - - - -   
TLER 0.39 0.67 0.86 0.71 0.87 0.75 
 
Table 11: Total LER and partial LER for fall cover crops at Kinnikinnick Farm in 2014. Different lowercase letters indicate differences 
in partial LER within treatments (columns). The SE of the least squares mean for TLER = 0.20 and for pLER = 0.08. 
2014 Cover Crop Mixtures 
Species M-RYE M-TRI M-KAL M-WPE M-VCH M-CLO 
Rye  0.83 a 0.87 a 0.79 a 0.65 a 0.64 a 
Triticale 0.42 a  0.08 b 0.33 b 0.35 ab 0.23 b 
Kale - -  - - - 
Aus. Pea 0.06 b 0 b 0.04 b  0.09 bc 0.10 b 
Vetch 0.07 b 0.12 b 0.04 b 0.09 b  0.06 b 
YB clover - - - - -   
TLER 0.55 0.95 1.02 1.21 1.09 1.03 
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 Table 12: Cover crop hoot dry weights (Mg/ha) of all mixture and monoculture treatments 
including weedy control in 2014 at both experimental sites. Biomass was sampled after 
approximately 8 wk of growth. Lowercase letters indicate differences in dry biomass within 
seasons and locations (columns). 
    Biomass (Mg/ha) 
Potential 
Contribution Biomass (Mg/ha) 
Potential 
Contribution 
Season 
Species/M
ix PrairiErth Weeds N (kg/ha) Kinnikinnick Weeds N (kg/ha) 
Springz Oat 3.09 ab 1.02 bc 112.52 3.45 a 0.58 193.58 a 
 
Spring 
wheat 2.77 ab 0.48 bc 101.61 2.09 ab 0.76 128.61 ab 
 
Kodiak 
mustard 4.48 a 0.08 c 96.85 0.17 b 0.55 25.00 b  
 
Purple top 
turnip 3.27 ab 0.36 c 63.12 0.08 b 2.27 42.96 ab 
 Faba bean 0.17 b 3.47 a 120.32 1.22 b 1.96 146.97 ab 
 Field pea 1.57 ab 2.11 ab 162.14 1.53 ab 1.82 141.18 ab 
 Mix-Oat 3.37 ab 0.24 c 88.76 1.44 ab 0.78 105.65 ab 
 
Mix-
Wheat 4.00 a 0.22 c 94.13 1.75 ab 1.08 146.96 ab 
 
Mix-
Mustard 2.36 ab 0.99 bc 87.29 1.81 ab 0.50 161.56 ab 
 Mix-Turnip 4.27 a 0.10 c 110.01 2.015 ab 0.44 121.96 ab 
 Mix-Faba 3.76 a 0.18 c 98.69 1.99 ab 1.12 157.66 ab 
 Mix-Pea 3.30 ab 0.79 bc 87.97 1.35 ab 0.46 106.01 ab 
 Weedy - 2.99 a 115.65 - 1.54 22.04 b 
  SE 0.71 0.36 24.95 0.49 0.53 44.28 b 
Summery 
Forage 
corn 4.22 ab 2.66 abc 161.82 3.46 ab 1.60 abc 174.82 
 
Sudangras
s 8.78 a 0.79 c 173.80 3.42 ab 0.68 bc 112.5 
 
Buckwhea
t 5.13 ab 0.31 c 113.21 4.63 a 0.51 bc 123.41 
 
Tillage 
radish 0.68 b 1.91 abc 85.73 2.27 abc 0.64 bc 104.3 
 Cowpea 0.71 b 3.42 ab 99.98 0.18 c 2.36 a 90.14 
 Soybean 0.68 b 4.32 a 153.64 0.62 bc 1.86 ab 84.66 
43 
 
zPrairiErth growth period was 56d and Kinnikinnick growth period was 56d. 
yPrairiErth growth period was 60d and Kinnikinnick growth period was 63d. 
zPrairiErth growth period was 209d and Kinnikinnick growth period was 230d.  
Table 12 (Cont.): 
 Mix-Corn 4.78 ab 1.32 bc 69.69 3.69 a 0.65 bc 140.24 
 Mix-Sudan 2.28 b 1.77 bc 119.30 2.28 abc 0.88 bc 111.05 
 Mix-Buck 4.55 ab 0.76 c 119.03 2.56 abc 0.67 bc 119.77 
 
Mix-
Radish 4.98 ab 1.32 bc 113.52 3.79 a 0.92 bc 140.55 
 
Mix-
Cowpea 5.21 ab 1.44 bc 147.02 3.52 ab 0.44 c 120.23 
 
Mix-
Soybean 4.67 ab 1.09 bc 102.45 2.91 abc 0.62 bc 109.26 
 Weedy - 3.47 ab 84.29 - 2.41 a 75.94 
  SE 1.04 0.47 25.87 0.71 0.28 28.63 
Fallx Cereal rye 0.93 ab 0.27 34.90 1.52 0.18 b 34.53 
 Triticale 1.35 a  0.07 43.18 1.24 0.34 b 31.86 
 
Forage 
kale - - - - - - 
 
Hairy 
vetch - - - 1.18 0.67 ab 65.12 
 
Austrian 
winter pea - - - 1.22 1.26 ab 85.95 
 
Yellow 
blossom 
clover - - - - - - 
 Mix-Rye 0.38 b 0.07 17.87 0.68 0.81 ab 40.08 
 
Mix-
Triticale 0.64 ab 0.26 35.59 1.40 0.51 ab 53.19 
 Mix-Kale 0.83 ab 0.08 32.08 1.51 0.34 b 42.94 
 Mix-Vetch 0.84 ab 0.15 30.44 1.53 0.98 ab 51.47 
 
Mix-
AWPea 0.68 ab 0.59 46.99 1.72 0.47 ab 44.85 
 Mix-Clover 0.73 ab 0.21 33.59 1.45 1.11 ab 54.58 
 Weedy - - - - 2.05 a 69.10 
  SE 0.24 0.16 10.14 0.33 0.32 13.62 
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Table 13: Cover crop hoot dry weights (Mg/ha) of all mixture and monoculture treatments including 
weedy control in 2015 at both experimental sites. Biomass was sampled after approximately 8 wk of 
growth. Lowercase letters indicate differences in dry biomass within seasons and locations (columns). 
    Biomass (Mg/ha) 
Potential 
Contribution 
Biomass 
(Mg/ha) 
Potential 
Contribution 
Season 
Species/
Mix PrairiErth Weeds N (kg/ha) 
Kinnik
innick 
Weed
s N (kg/ha) 
Springz Oat 3.66 ab 0.68 c 84.86 
2.03 
ab 
1.97 
ab 64.4 
 
Spring 
wheat 2.72 abc 0.56 c 61.97 
1.36 
bc 
0.89 
ab 42.18 
 
Kodiak 
mustard 3.27 ab 0.31 c 63.69 3.33 a 0.57 b 52.92 
 
Purple 
top 
turnip 1.30 bc 1.54 bc 64.29 
1.18 
bc 
1.11 
ab 46.32 
 
Faba 
bean 0.54 c 3.04 ab 95.23 0.16 c 
2.03 
ab 56.26 
 
Field 
pea 1.36 bc 1.82 bc 111.45 
0.62 
bc 
1.90 
ab 56.69 
 Mix-Oat 3.06 abc 1.15 c 96.02 
2.08 
ab 
0.88 
ab 52.32 
 
Mix-
Wheat 2.67 abc 0.51 c 62.39 
2.13 
ab 
1.52 
ab 72.92 
 
Mix-
Mustard 1.87 abc 1.42 bc 80.31 
1.61 
bc 
1.43 
ab 65.62 
 
Mix-
Turnip 2.98 abc 0.64 c 78.32 
2.27 
ab 0.51 b 56.33 
 
Mix-
Faba 2.65 abc 0.79 c 88.13 
2.07 
ab 
0.90 
ab 65.44 
 Mix-Pea 4.23 a 0.61 c 94.08 
1.51 
bc 
0.91 
ab 47.06 
 Weedy - 4.04 a 86.18 - 2.31 a 46.57 
  SE 0.59 0.35 15.76 0.36 0.45 14.56 
Summery 
Forage 
corn 0.73 bc 3.09 ab 117.73 1.33 b 2.28 a 105.07 
 
Sudangr
ass 4.63 a 1.14 b 143.17 
2.59 
ab 
1.39 
ab 140.19 
 
Buckwh
eat 1.20 bc 2.70 ab 99.42 3.60 a 0.48 b 138.80 
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Table 13 (Cont.): 
 
 
Tillage 
radish 1.58 abc 1.29 b 73.06 
2.32 
ab 0.28 b 82.50 
 Cowpea 0.38 c 3.28 ab 116.41 
1.39 
ab 
1.61 
ab 97.14 
 Soybean 0.56 c 2.46 ab 98.96 0.93 b 2.41 a 137.59 
 
Mix-
Corn 1.91 abc 1.48 b 91.51 
2.73 
ab 0.73 b 116.52 
 
Mix-
Sudan 1.27 bc 2.13 ab 105.38 
3.08 
ab 0.60 b 106.35 
 
Mix-
Buck 3.26 abc 1.37 b 127.12 
2.74 
ab 0.75 b 89.22 
 
Mix-
Radish 3.76 ab 1.52 b 134.10 
2.34 
ab 
1.34 
ab 112.19 
 
Mix-
Cowpea 2.67 abc 1.51 b 110.45 
2.82 
ab 0.72 b 119.48 
 
Mix-
Soybean 2.07 abc 1.29 b 98.56 
3.06 
ab 0.47 b 98.94 
 Weedy - 4.08 a 120.69 - 2.18 a 82.18 
  SE 0.64 0.61 20.79 0.51 0.29 21.44 
zPrairiErth growth period was 59d and Kinnikinnick growth period was 65d. 
yPrairiErth growth period was 60d and Kinnikinnick growth period was 68d. 
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Figure 1: Weeds as percent of total biomass at PrairiErth Farm in spring 2014. Different letters 
indicate differences in percentage among treatments. Error bars represent +/- one standard 
error of the mean. 
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Figure 2: Weeds as percent of total biomass at PrairiErth Farm in spring 2015. Different letters 
indicate differences in percentage among treatments. Error bars represent +/- one standard 
error of the mean. 
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Figure 3: Weeds as percent of total biomass at Kinnikinnick Farm in spring 2015. Different 
letters indicate differences in percentage among treatments. Error bars represent +/- one 
standard error of the mean. 
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Figure 4: Weeds as percent of total biomass at Kinnikinnick Farm in spring 2014. Different 
letters indicate differences in percentage among treatments. Error bars represent +/- one 
standard error of the mean. 
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Figure 5: Weeds as percent of total biomass pooled across both locations in summer 2014. 
Different letters indicate differences in percentage among treatments. Error bars represent +/- 
one standard error of the mean. 
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Figure 6: Weeds as percent of total biomass at PrairiErth Farm in summer 2015. Different 
letters indicate differences in percentage among treatments. Error bars represent +/- one 
standard error of the mean. 
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Figure 7: Weeds as percent of total biomass at Kinnikinnick Farm in summer 2015. Different 
letters indicate differences in percentage among treatments. Error bars represent +/- one 
standard error of the mean. 
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Figure 8: Microbial activity modeled by change in absorbance at Kinnikinnick Farm in spring 
2015. Different letters indicate differences among treatments (p<0.05). Error bars represent +/- 
one standard error of the least squares mean. 
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Figure 9: Microbial activity modeled by change in absorbance at PrairiErth Farm in spring 2014. 
Error bars represent +/- one standard error of the least squares mean. 
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Figure 10: Percent change in soil nitrate (0-20 cm depth) from pre-plant to cover crop 
termination (approximately 8 weeks) at PrairiErth Farm in spring pooled across years. Different 
letters indicate significant differences among treatments (p<0.05) determined by the Tukey-
Kramer multiple comparisons test. Error bars represent +/- one standard error of the least 
squares mean. 
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Figure 11: Percent change in soil nitrate (0-20 cm depth) from pre-plant to cover crop 
termination (approximately 8 weeks) at Kinnikinnick Farm in spring 2015. Different letters 
indicate significant differences among treatments (p<0.05) determined by the Tukey-Kramer 
multiple comparisons test. Error bars represent +/- one standard error of the least squares 
mean. 
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Figure 12: Percent change in soil nitrate (0-20 cm depth) from pre-plant to cover crop 
termination (approximately 8 weeks) at PrairiErth Farm in summer 2015. Different letters 
indicate significant differences among treatments (p<0.05) determined by the Tukey-Kramer 
multiple comparisons test. Error bars represent +/- one standard error of the least squares 
mean. 
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Figure 13: Percent change in soil nitrate (0-20 cm depth) from pre-plant to cover crop 
termination (approximately 8 weeks) at Kinnikinnick Farm in spring 2014. Different letters 
indicate significant differences among treatments (p<0.05) determined by the Tukey-Kramer 
multiple comparisons test. Error bars represent +/- one standard error of the least squares 
mean. 
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Figure 14: Percent change in soil nitrate (0-20 cm depth) from pre-plant to cover crop 
termination (approximately 8 weeks) at Kinnikinnick Farm in summer 2014. Different letters 
indicate significant differences among treatments (p<0.05) determined by the Tukey-Kramer 
multiple comparisons test. Error bars represent +/- one standard error of the least squares 
mean. 
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Figure 15: Percent change in soil nitrate from pre-plant to approximately 4 wk following cover 
crop termination pooled across both sites in summer 2015. Different letters indicate significant 
differences among treatments (p<0.05). Error bars represent +/- one standard error of the least 
squares mean. 
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Figure 16: Percent change in soil nitrate from pre-plant to approximately 4 wk following cover 
crop termination pooled across both sites in spring 2014. Different letters indicate significant 
differences among treatments (p<0.05). Error bars represent +/- one standard error of the least 
squares mean. 
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